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We develop a dynamical theory for the optical injection of charge and spin current originating from the
interferences between two coherent laser pulses of frequencies v and 2v . Multiband Bloch equations which
include one- and two-photon interband transitions are derived. They also account for ac Stark shifts and
intersubband two-photon transitions. The model is used to describe the case of time-dependent charge and spin
current injection in a symmetric GaAs/AlGaAs quantum well. A comparison to the bulk case is also made. The
separate contributions of the populations and intersubband coherences to the charge current and THz emission
are identified. The influence of the Stark shifts and the inter-valence-band two-photon transitions are calculated
and discussed.
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In recent years, there has been considerable interest in
coherent control of quantum-interference-related processes
in semiconductors. It has been demonstrated that quantum
interference between one- and two-photon absorption leads
to measurable directional photocurrent in bulk for interband
excitation1,2 and in quantum wells ~QW’s! in the case of
conduction-band to continuum transitions.3 Two coherent
electromagnetic fields of frequency v and 2v , with v below
and 2v above the band gap, couple the same initial and final
states and induce a polar asymmetry in the momentum space
distribution of the carriers, which can be controlled by the
relative phase of the beams. Such optical injection of current
by femtosecond pulses has, for instance, been used for THz-
wave generation4 or proposed for demonstration of current
echoes.5 With the same interference scheme, it is also pos-
sible to generate directional spin current, as shown by Bhat
and Sipe,6 which can be of great interest in future spintronic
applications. Optically injected charge current, which, ac-
cording to the theory, should be spin polarized, has been
measured in bulk GaAs.7 Recently, pure spin current ~with-
out any accompanying charge current! has been observed in
bulk8 and quantum wells.9 Current relaxation by scattering
with LO phonons has also been included in the theoretical
description by a Green’s functions formalism.10 Finally, we
note that research has now extended to materials other than
GaAs, like GaN.11
To the best of our knowledge, all work published in this
field concerns bulk semiconductors, excepted the early mea-
surements by Dupont et al.3 who considered conduction-
band to continuum transitions in AlGaAs/GaAs quantum
well superlattices and the very recent measurement of pure
spin current by Stevens et al.9 In the present work, we study
the dynamics of charge and spin current injection by quan-
tum interference between one- and two-photon interband
transitions essentially for the case of quantum wells. The
investigation of these processes in heterostructures is of great
interest as the latter introduce new degrees of freedom and
tunability. In order to study the temporal behavior, we derive
specific multiband semiconductor Bloch equations, which go
beyond Fermi’s golden rule, used by most authors. Our0163-1829/2004/69~3!/035335~12!/$22.50 69 0353model treats the whole dynamics of the lowest conduction
band and the three highest valence bands, quasiresonantly
coupled by two slowly varying monochromatic electromag-
netic fields. The contribution of the far-off-resonant interme-
diate states to the second-order processes ~Stark shift and
two-photon transition! is taken into account within a pertur-
bative approach and the carrier thermalization is included by
phenomenological relaxation times. The calculation of the
two-photon transitions requires intersubband momentum ma-
trix elements, especially the band-diagonal part.12 They are
obtained with a kp envelope function method,13 together
with the nonparabolic valence-band structure. We also calcu-
late the far-field THz emission, taking into account the radia-
tion from the charge current related to the coherences be-
tween the subbands, and show that they may contribute
significantly to the emission. Finally, the influence of the ac
Stark shifts and inter-valence-band ~IVB! two-photon transi-
tions on the charge current is evaluated and discussed.
The text is organized as follows. In Sec. II we start with a
simple introduction to the core phenomenon of current gen-
eration by quantum interference between one- and two-
photon transitions. Then we describe the quantum well
model and develop the theory leading to multiband semicon-
ductor Bloch equations including all the relevant terms. Sec-
tion III is devoted to a numerical study and discussion of the
results. Finally the conclusions are drawn in Sec. IV.
II. THEORY
A. Quantum interferences between one- and two-photon
transitions
The interferences between one- and two-photon transi-
tions can lead to different transition probabilities for states
with opposite wave vectors k and 2k ~Fig. 1!. This generates
an asymmetric carrier distribution in reciprocal space result-
ing in a net charge and/or net spin current. In this section we
give a short insight into the physics behind this process in the
case of a centrosymmetric crystal by using simple group-
theoretical arguments. One has to emphasize that the spatial
inversion symmetry is not mandatory for the subject dis-©2004 The American Physical Society35-1
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symmetry it implies that all energy bands are doubly degen-
erate ~Appendix!.
The dipole interaction AP between the carriers and elec-
tromagnetic fields is expressed in the velocity gauge where
A~ t !5A1cos~2vt1f1!1A2cos~vt1f2! ~1!
is the vector potential describing the two monochromatic
waves and
P5
2e
m0
p5
2e
m0
Fp1 \4m0c2s‘„VG ~2!
is proportional to the momentum operator p.
For each pair of degenerate bands (n ,n¯ ), it is sufficient
for our purpose to consider the four eigenstates of the Hamil-
tonian with same energy un ,1k&, un¯ ,1k&, un ,2k&, and
un¯ ,2k& ~only two states are distinct for k50). They can be
chosen so that ~Appendix! the momentum matrix elements
display the symmetry properties
Pmn ,1k52Pmn ,2k51Pn¯m¯ ,1k52Pn¯m¯ ,2k , ~3!
Pmn¯ ,1k52Pmn¯ ,2k52Pnm¯ ,1k51Pnm¯ ,2k , ~4!
between two states of same parity, and
Pmn ,1k51Pmn ,2k51Pn¯m¯ ,1k51Pn¯m¯ ,2k , ~5!
Pmn¯ ,1k51Pmn¯ ,2k52Pnm¯ ,1k52Pnm¯ ,2k , ~6!
between two states of opposite parity. Furthermore, for a
quantum well oriented along a principal axis ~e.g., @001#! the
in-plane reflection symmetry ensures that e’Pmn ,k50 and
eiPmn¯ ,k50 where e’ and ei are, respectively, perpendicu-
lar and parallel to the quantum well. For an optical field
polarized in the plane of the QW, the n→m¯ transitions are
therefore forbidden and we can restrict ourself to the cases
n→m and n¯→m¯ .
We now consider resonant one- and two-photon transi-
tions from two degenerate valence bands v and v¯ to two
FIG. 1. Asymmetric interband excitation due to the interference
between one- and two-photon transitions.03533degenerate conduction bands c and c¯ . The v→c transition
amplitudes at wave vector k are given by a1,k5b1,k e2if1
and a2,k5b2,ke2i2f2 with
b1,k5~2\!21(
a
A1
aPcv ,k
a
, ~7!
b2,k5~2\!22(
ab
A2
aA2
b(
n
Pcn ,k
a Pnv ,k
b
Vcn2v
. ~8!
The sum (n is taken over all energy bands and Vcn is the
interband frequency. The total transition probability is then
given by ua1,k1a2,ku25ua1,ku21ua2,ku212 Re@a1,k*a2,k# . The
first two terms on the right-hand side are phase independent
and cannot generate asymmetric carrier distributions with re-
spect to the inversion. The current is thus only injected by
the interference term Ik52 Re@a1,k*a2,k# . The amplitudes
a¯ j ,k and b¯ j ,k for the v¯→c¯ transitions are obtained by replac-
ing c by c¯ and v by v¯ in the above expressions. Let us define
hk52b1,k*b2,k and h¯ k52b¯ 1,k*b¯ 2,k with the properties
hk52h2k and hk5h¯ k*. The interference terms Ik and I¯k
for the v→c and v¯→c¯ transitions, respectively, then become
Ik5Re@hk#cos~2f22f1!1Im@hk#sin~2f22f1!, ~9!
I¯k5Re@hk#cos~2f22f1!2Im@hk#sin~2f22f1!.
~10!
The velocity of an injected electron un ,k& is given by
2Pnn ,k /e and the expectation value of its spin perpendicular
to the quantum well by (\/2)snn ,k5(\/2)^n ,kuszun ,k&, with
symmetry properties
snn ,k5snn ,2k52sn¯n¯ ,k52sn¯n¯ ,2k . ~11!
The contribution of the state un ,k& to the charge and spin
current is given by jn ,k5Pnn ,kIk and sn ,k52snn ,kPnn ,kIk ,
respectively. The spin has been multiplied by 2e/\ to be
expressed in the same units than the charge. The symmetry
properties ~3! and ~5! involve Ik52I2k and I¯k52 I¯2k . The
net charge current j and spin current s, obtained by summing
over the four states in the same twice degenerate band, are
thus given by
j}4 Re@hk#cos~2f22f1!, ~12!
s}4 Im@hk#sin~2f22f1!. ~13!
The total injected current is obtained by adding the contribu-
tions of all states. Yet each set of four resonantly excited
states related by time reversal and spatial inversion will con-
tribute in the same way to the current. Thus, Eqs. ~12! and
~13! show that the charge and spin currents are related, re-
spectively, to the real and imaginary parts of the same tensor
h describing the interference between one- and two-photon
transitions. Both current amplitudes can be controlled by the
relative phase between the two electromagnetic waves, but
not through the same dependence. Two linearly polarized5-2
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pure spin current by tuning the phase difference to 0 or p/2,
respectively.
In this paper we focus on the photocurrent generated by
femtosecond pulses in quantum wells through interband tran-
sitions. In such structures, the inter-valence-band frequencies
are comparable to the spectral width of the pulses, and one
can no longer use a simple two-band model. As we shall see
in the next sections, the intersubband coherences play a sig-
nificant role in this study, especially concerning the THz
emission. Furthermore, to obtain the right polarization de-
pendence, one has to take into account the valence-band
mixing.
In the following, we therefore derive adequate multiband
semiconductor Bloch equations for the description of the op-
tical current injection. They are applied to the specific case
of a quantum well with realistic band structure, as well as to
bulk GaAs. Yet the above model based on Fermi’s golden
rule highlights the underlying physical process, especially
the phase dependence, which will be somewhat hidden in the
Bloch equations.
B. Quantum wells
We consider a 70-Å-thick symmetric GaAs/Al0.4Ga0.6As
quantum well with growth direction along @001# . With this
typical thickness, the QW has only a few ~but more than one!
valence subbands of confined states extending on a suffi-
ciently wide range in reciprocal space. The inversion asym-
metry in GaAs has very small effects on the valence-band
structure and is therefore neglected ~we recover a centrosym-
metric case, justifying the Luttinger Hamiltonian for the de-
scription of the top of the valence band!. This implies that
the interferences between one- and two-photon transitions do
not affect the total injected carrier density. Nevertheless, it
has been demonstrated in GaAs ~Ref. 14! that its asymmetry
can be used to coherently control the carrier densities by a
few percent.
The nonparabolic band structure and the momentum ma-
trix elements for the optical transitions are calculated by a
kp envelope function method15 based on one doubly degen-
erate conduction band and the four-band Luttinger Hamil-
tonian. The eigenstates of the QW are described by the wave
function F(r)5(aFa(z)Ua(r) where Ua(r) are zonecenter
Bloch functions of the bulk and Fa(z) slowly varying enve-
lope function along the confinement direction z. The sum is
taken over a finite number of bulk states. We follow Burt’s
approach13 and take the same basis $Ua% for the whole
heterostructure—i.e., the bulk states of GaAs ~the QW!. The
functions Fa are given by the eigensolutions of the effective
Hamiltonian
(
a8
H 2 \22m0 ddz gaa8zz ddz 2 i\
2
2m0
F ddz gaa8zm 1gaa8mz ddzGkm
2
i\
m0
P
aa8
z d
dz 1Eadaa81
\
m0
P
aa8
m km
1
\2
2m0
g
aa8
mn kmknJ Fa8~z !5EFa~z !, ~14!03533where Ea is the energy of the Bloch state Ua , Paa8 the
momentum matrix element between Ua and Ua8 , and g the
~dimensionless! inverse effective mass tensor. The repeated
indices m and n are implicitly summed over the QW in-plane
directions x and y.
In the band structure model we use here, Eq. ~14! does not
couple the conduction bands to the valence bands and the
two degenerate conduction bands are also independent. The
effective Hamiltonian ~14! reduces therefore to two ~equiva-
lent! one-dimensional equations for the conduction bands
and the four-by-four Luttinger Hamiltonian for the valence
bands.
Figure 2 shows the band structure used in this study and
computed with the parameters16 given in Table I. Due to the
time-reversal symmetry and the microscopic spatial inver-
sion symmetry of the heterostructure, all subbands are twice
degenerate.
In the following, we derive density matrix equations cor-
FIG. 2. Band structure of a 70-Å-thick GaAs/Al0.4Ga0.6As quan-
tum well used in the calculations ~band gap: 1.491 eV!. The arrows
indicate the optical transitions included in the model: ~1! One- and
two-photon transitions between valence and conduction bands. ~2!
ac Stark shift. ~3! Inter-valence-band two-photon transitions.5-3
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subband c1 and the three highest valence subbands v1 , v2,
and v3. All four bands are twice degenerate.
C. Multiband semiconductor Bloch equations including two-
photon transitions
As a basis of the Hilbert space, we use the eigenstates of
the quantum well Hamiltonian H0 defined by
H0un ,k&5En ,kun ,k&, ~15!
where n and k label, respectively, the energy band and the
wave vector in the unconfined plane. un ,k& denote the states
found in Sec. II B. In the velocity gauge, the Hamiltonian for
an electron interacting with a classical electromagnetic field
is given by
H5H01
e
m0
Ap1 e
2
2m0
A2, ~16!
where A is the classical vector potential and
p5p1
\
4m0c2
s‘„V ~17!
is the momentum operator including the spin-orbit coupling.
The elementary charge e is positive. For optical frequencies,
the momentum of the electromagnetic field can be neglected
compared to the crystal momentum of the electrons. As a
consequence, the spatial variation of the potential vector A
can be ignored ~dipole approximation! and only electronic
states with equal wave vector are coupled by the electromag-
netic interaction.
In the density matrix formalism, the Schro¨dinger equation
can be written as
] trnn8,k52iVnn8,krnn8,k2
i
\
A~ t !(
m
@rnm ,kPmn8,k
2Pnm ,krmn8,k# , ~18!
where n, n8, and m label the energy bands and Vnn8,k
5(En ,k2En8,k)/\ are the interband frequencies. The matrix
P is defined by
TABLE I. Bulk band-structure parameters ~Ref. 16! of
AlxGa12xAs used in this study. The energy gap is shifted to the
room-temperature value.
Symbol Parameter AlxGa12xAs Unit
mc Effective mass of the 0.066510.0835x @m0#
conduction band
g1 Luttinger parameter 6.79023.000x @–#
g2 Luttinger parameter 1.92420.694x @–#
g3 Luttinger parameter 2.68121.286x @–#
EP Kane parameter 28.8 @eV#
Eg Energy gap 1.42311.247x @eV#
DEc /DEv Band offsets 68/32 @–#03533Pnm ,k5
2e
m0
pnm ,k , ~19!
and the vector potential of the two quasimonochromatic
fields is given by
A~ t !5A1~ t !cos~v1t1f1!1A2~ t !cos~v2t1f2!, ~20!
with v152v2. Note that the quadratic term e2A2/2m0 in the
Hamiltonian ~16! does not contribute to the equation of mo-
tion ~18!, as it commutes with the density matrix.
We emphasize that the band-diagonal momentum matrix
elements, which are usually neglected in the Bloch equa-
tions, are taken into account here since they give an impor-
tant contribution to the interband two-photon transitions.12
The diagonal elements are in fact zero at zone center in a
centrosymmetric crystal, but become large with increasing k
vector.
Our aim is to derive effective time-dependent equations
including all resonant one- and two-photon transitions be-
tween a limited number of energy bands. In a first step, the
complete set of quantum states $n ,k% is therefore restricted to
the bands of interest to us. The withdrawn states are included
in the equations as a perturbation up to first order in the
inverse of the detuning between the corresponding interband
frequency and the optical frequency.17 The transitions to the
eliminated bands have thus to be far off resonant—i.e., with
a large detuning—for the perturbative expansion to be valid.
One is left with an effective Schro¨dinger equation for a re-
duced density matrix where the withdrawn bands appear as
intermediate states in an effective interaction which is qua-
dratic in the field ~and linear in the inverse of the detuning!.
In a second step, we collect the part of the interaction giving
rise to quasiresonant transitions and neglect the ~small! off-
resonant contributions ~generalized rotating wave approxi-
mation!. This is best achieved in the rotating frame defined
by the unitary transformation12 r¯5UrU† where U
5exp(iL) with
Lmn ,k~ t !5dmn\
21FEn ,kt2Pnn ,kE tdt8A~ t8!G . ~21!
The right-hand side of the transformed equation of motion,
] tr¯5i@r¯ ,UHU†# , contains only driving terms which are lin-
ear or quadratic in the fields. The slowly varying linear driv-
ing terms ~quasiresonant! give the dominant contribution to
the one-photon transitions whereas the ones displaying rapid
oscillations ~off resonant! do not contribute significantly. As
they may, however, be important for the resonant higher-
order processes of interest to us ~two-photon transitions,
Stark shift, etc.!, we cannot simply discard them. To treat
these terms, we have developed a consistent scheme which
amounts to using the same perturbative approach as in the
first step where we eliminated the far-off-resonant bands and
reduced the density matrix. As a result, we obtain an addi-
tional set of quasiresonant quadratic terms. This reflects the
fact that these remaining bands participate also to higher-
order transitions as intermediate states. Finally, among all the5-4
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varying ones. The resulting Schro¨dinger equation is detailed
below.
In the rotating frame, the time evolution of the reduced
density matrix
r¯mn ,k~ t !5rmn ,k~ t !expF iVmn ,kt2i~Pmm ,k2Pnn ,k!
3 (j51,2
Aj~ t !
\v j
sin~v jt1f j!G ~22!
is now given by the following effective Schro¨dinger equation
~multiband semiconductor Bloch equations including two-
photon transitions!
] tr¯ k5i@r¯ k ,Hk
(1)1Hk
(2)1Hk
(D)# . ~23!
The different quasiresonant transitions included in the effec-
tive Hamiltonian H (1)1H (2)1H (D) are detailed below and
sketched in Fig. 2. The considered states are divided into two
sets: the conduction subbands and the valence subbands la-
beled by c and v , respectively. The intersubband frequencies
are far below the optical frequencies while the interband en-
ergies are close to them. The first two matrices
H
cv8
(1)
52~2\!21(
a
A1
aP
cv8
a
ei(Vcv82v1)t2if1 ~24!
and
H
cv8
(2)
52~2\!22(
a ,b
A2
aA2
bei(Vcv822v2)t2i2f2
3F 12 (
nÞc ,v8
S Pcna Pnv8b
Vnv82v2
2
Pcn
a P
nv8
b
Vcn2v2
D
1P
cv8
a
~Pcc
b 2Pv8v8
b
!/v2G ~25!
describe, respectively, the one- and two-photon transitions
between valence and conduction bands. The superscripts a
and b label the spatial directions x, y, and z. The off-diagonal
terms of the third Hamiltonian matrix
Hvv8
(D)
52~2\!22(
a ,b
(j A j
aA j
beiVvv8t
1
2
3 (
s561
(
nÞv ,v8
F Pvna Pnv8bVnv2sv j 1 Pvn
a P
nv8
b
Vnv82sv j
G
~26!
describe Raman-like intersubband two-photon transitions
whereas the diagonal part contains the ac Stark shifts. H
cc8
(D) is
obtained by replacing v and v8 by c and c8 in the expression
of Hvv8
(D)
, and the remaining matrix elements H
cc8
(1)
, Hvv8
(1)
,
H
cc8
(2)
, Hvv8
(2)
, Hvc8
(D)
, and H
cv8
(D)
are all zero. For the sake of
simplicity, the k-vector indices have been omitted but should03533be added after each couple of band subscripts. In the above
expressions, the sums over n include all far-off-resonant
bands eliminated from the equation of motion, as well as the
bands of the reduced density matrix for which the corre-
sponding denominator V6v j is large. By contrast, the qua-
dratic contributions from the transitions with small detuning
V6v j are automatically contained in the resonant linear in-
teraction of H
cv8
(1)
. It must be pointed out that the perturbative
approach described above does not preserve Hermiticity.
This is related to the second-order transitions with energy
mismatch, as is the case at most k vectors, for which the
denominators (Vnv2v2) and 2(Vcn2v2) are not equal.
The departure from Hermiticity is of the order of the terms
neglected when making the far-off-resonance approximation
for the intermediate levels. Therefore it is justified to sym-
metrize the effective Hamiltonian as can be seen in Eqs. ~25!
and ~26! ~e.g., the factor 12 ). A crucial benefit is to ensure
accurately the total charge conservation in the crystal during
the calculation. The decoherence and thermalization of the
carriers are included through the phenomenological relax-
ation time t . The loss of coherence is thus modeled by
] tr¯mn ,k52r¯mn ,k /t , mÞn , ~27!
and the thermalization of the carrier distributions nc ,k
5r¯ cc ,k in the conduction bands and nv ,k512r¯ vv ,k in the
valence bands is described by
] tnc ,k52~nc ,k2 f c ,k!/t , ~28!
] tnv ,k52~nv ,k2 f v ,k!/t , ~29!
where f c/v ,k is the equilibrium Fermi distribution with time-
dependent carrier and energy densities given by the real in-
stantaneous distribution nc/v ,k .
The effective equations ~23! differ from the well-known
semiconductor Bloch equations18,19 ~SBE’s! because we keep
all intraband momentum matrix elements ~including the
band-diagonal ones! and all quasiresonant contributions of
both frequencies. In the rotating frame, this was achieved by
replacing the rapidly oscillating linear interaction terms by
effective interactions which are quadratic in the field and
eventually keeping only the slowly varying ones among
them ~generalized rotating-wave approximation!. This is well
justified close to resonance and leads to a Schro¨dinger equa-
tion with all interaction terms ~one- and two-photon pro-
cesses! varying on a same time scale ~the pulse duration!,
which makes the numerical integration much more efficient.
The microscopic Coulomb interaction is not included in our
effective equations, but these additional terms would not dif-
fer from the ones appearing in the usual SBE’s. It might,
however, be a difficult task to work with them, especially for
asymmetric carrier distributions as is the case for the present
current injection.
D. Polarization current
The density of polarization current is obtained from the
density matrix by j5(1/S)Tr@2evr# , where the velocity v5-5
D. H. MARTI, M.-A. DUPERTUIS, AND B. DEVEAUD PHYSICAL REVIEW B 69, 035335 ~2004!is related to the momentum p by v5(p1eA)/m0. By keep-
ing the same notation, the density of current is therefore
written as
j~ t !5 1S (k (nn8
S Pnn8,k2 e2m0A~ t ! dnn8D rn8n ,k~ t !. ~30!
This expression has to be put in a form containing only the
reduced density matrix—i.e., the bands for which the time
evolution is calculated. This can be done by the same pertur-
bative approach as above. Furthermore, in accordance with
the approximations made to derive the effective multiband
Bloch equations, the polarization current should also be cal-
culated to the next order in the fields. Nevertheless, in this
paper we focus on the ‘‘low-frequency’’ contribution
whereas the higher-order terms in the current oscillate with
frequencies around v1 or v2. The same applies to the con-
tribution A(t)rnn ,k in Eq. ~30!. We can therefore limit our-
selves to j5(1/S)Tr@Pr# where r is restricted to the reduced
density matrix.
The differentiation between charge and displacement cur-
rent is somewhat arbitrary, as the whole polarization current
is related to carrier movement. We will distinguish them in
the frequency domain. Direct measurements of the electric
current—e.g., through the voltage associated with charge
accumulation2—are sensitive only to the low frequencies as
the higher ~optical! frequencies cannot be time resolved and
vanish through the time integration. On the other hand, the
high-frequency part of the current affects the optical proper-
ties of the medium and can be well described by optical
susceptibilities. The low-frequency polarization current de-
scribing the injected charge current can therefore be written
as
j5 1S (k F(cc8 Pcc8,krc8c ,k1(vv8 Pvv8,krv8v ,kG . ~31!
In what follows, we distinguish between two contributions.
First, the diagonal elements of r ~the populations! lead to the
charge current jpop5(njn where
jn5
1
S (k Pnn ,krnn ,k ~32!
is the current associated to the band n. The sum (n is taken
over the conduction bands and valence bands. Second, the
off-diagonal terms give rise to a charge current related to the
intersubband coherences whose low-frequency part can be
written as
jcoh5
1
S (k F (cÞc8 Pcc8,krc8c ,k1 (vÞv8 Pvv8,krv8v ,kG .
~33!
The sums (cÞc8 and (vÞv8 are taken over all pairs of dif-
ferent conduction bands and valence bands, respectively.
Note that the presence of coherence means that the quantum
states of the carriers are not given by the occupation of the
bands only.03533The theoretical works published up to now concern two-
band models and/or focus on the electronic transition prob-
abilities using Fermi’s golden rule. Such models do not take
into account intersubband coherences and give only access to
the charge current associated with the carrier distribution in
the band. But as mentioned above, the charge current which
can be experimentally measured includes both contributions,
and it will be shown in Sec. III that the part related to the
coherences may indeed be important.
Note that the rapidly oscillating interband coherences rcv
do not explicitly appear in the low-frequency part of the
current but indeed contribute to the intersubband coherences
and populations through the semiconductor Bloch equations.
One expects that the current related to the coherences os-
cillates with the intersubband frequencies and its contribu-
tion may therefore vanish in a time-integrated measurement.
However, it also affects the electromagnetic radiation due to
the variation in time of the current. Indeed, the power of the
far-field THz emission originating from a finite volume V is
given by
P~ t !5
1
6pe0c3
F E
V
] t@ jpop~r8,t !1jcoh~r8,t !#d3r8G 2
~34!
and the corresponding power spectrum reads
P~n!}U E
2‘
1‘
] t~ jpop1jcoh!ei2pntdtU2. ~35!
Therefore, one can also distinguish between the two contri-
butions P5Ppop1Pcoh related to the coherences and popu-
lations, respectively. As we will see, the intersubband coher-
ences may significantly contribute to the radiated power.
By analogy to the charge current, we define the current of
spins aligned along b and moving along a as6
sab5
1
S Tr@~\/2!v
asbr# , ~36!
where sb are the Pauli matrices and va the velocity operator.
The superscripts a and b denote Cartesian components.
FIG. 3. Typical asymmetric carrier distribution in the conduc-
tion band of a QW, generated by two copolarized laser pulses with
no phase difference (2f22f150).5-6
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photon polarization for \v152\v251.54 eV
~left! and \v152\v251.60 eV ~right!. Thin
lines: charge current in the conduction bands ~c!
and in the valence bands (v). Thick line: total
charge current (c1v).III. RESULTS
A. Introduction
In the following, we discuss numerical results obtained
with our model for two interfering femtosecond laser pulses.
First, the optically injected charge current, related to the
asymmetric carrier distribution in the bands ~Fig. 3!, and the
corresponding far-field THz emission are calculated for the
QW described in Sec. II B. Especially the contribution of the
inter-valence-band coherences will be emphasized. We also
give a quantitative comparison to bulk values. Then, using
other beam polarizations, the generated pure spin current in
the QW is computed. Finally, the influence of the ac Stark
shifts and the IVB two-photon transitions are calculated and
discussed.
For the calculations, eight energy bands have been used in
the reduced density matrix: the lowest conduction band and
the three highest valence bands, all of them being doubly
degenerate. However, in order to estimate the contribution of
the other bands shown in Fig. 2, we have also performed
calculations where we included them ~a! in the reduced den-
sity matrix or ~b! as far off-resonant states ~i.e., states that are
not described by the reduced density matrix but nevertheless
used as intermediate states in the quadratic interaction
terms!. First, it turns out that for the optical frequencies used
in this study the neglected bands are almost not excited by
the pulses and the results are not affected qualitatively. The
corresponding interband transitions can thus be considered as
off resonant. Second, the two-photon transition amplitude is
modified when these additional bands are taken into account.
Nevertheless, this increases the injected current by only
10%–15% in our typical conditions.
All subsequent results have been obtained with two 100-fs
‘‘sech’’ laser pulses polarized in the plane of the quantum
well ~TE mode!. The peak intensities of the two pulses are
chosen to lead separately to the same carrier injection in
order to obtain a high contrast in the interference. Two pairs03533of frequencies have been used: 1.54/0.77 eV and 1.60/0.80
eV for the one-photon/two-photon beams, which corresponds
to excitation ;50 meV and ;110 meV above the band gap
of the quantum well ~1.491 eV!. In both cases, the peak
intensity of the two-photon pulse is taken to be 10 GW/cm2.
The corresponding peak intensities of the one-photon pulse
are 18 MW/cm2 and 42 MW/cm2 for the lower and higher
frequencies, respectively. These values lead to injected car-
rier densities in the quantum well of 0.831011 cm22 and
1.631011 cm22.
The current decay is related to the thermalization of the
carrier distributions and, more specifically, to the relaxation
of the total crystal momentum in each band. Thus let us
consider the two main mechanisms which govern electron
scattering: emission of LO phonons and the carrier-carrier
Coulomb interaction. The latter can further be divided into
intraband ~electron-electron! and interband ~electron-hole!
scattering. Kra´l and Sipe10 already considered the emission
of LO phonons in bulk GaAs for carriers excited at high
energy ~600 meV above the band gap! and obtained a current
decay time of 50 fs. In the present work, the excitation en-
ergy is much lower ~50 and 110 eV above the band gap! and
the corresponding relaxation is thus expected to be slower20
(;200 fs). At high density, carrier-carrier scattering may,
however, become dominant. But by contrast to the former
mechanism, the Coulomb interaction conserves the total mo-
mentum of the carrier distribution. The fast intraband scat-
tering alone is thus not sufficient for the current to vanish but
needs the interplay with interband scattering and/or phonon
emission. The usual thermalization times due to carrier-
carrier Coulomb interactions ~about 100 fs and 1 ps for the
intraband and interband contributions, respectively! are in
general related to symmetric out-of-equilibrium distributions
and may therefore not be appropriate in the context of cur-
rent injection. A detailed description of the current decay is
difficult because of the asymmetric distributions and we fi-
nally use the phenomenological relaxation time t5200 fs.FIG. 5. Injected charge current in the valence
bands along the one-photon polarization for
\v152\v251.54 eV ~left! and \v152\v2
51.60 eV ~right!. Thick line: total charge current
in the valence bands (j5jpop1jcoh). Thin lines:
charge current related to the populations (jpop)
and to the coherences (jcoh).5-7
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the populations in the valence bands along the
one-photon polarization for \v152\v2
51.54 eV ~left! and \v152\v251.60 eV
~right!. For each band label v1 , v2, and v3, the
current has been summed over the corresponding
pair of degenerate subbands.In this paper, we focus on the results obtained for two
electromagnetic pulses with TE polarization. The charge cur-
rent injected with one beam in TM polarization is more than
one order of magnitude smaller, and there is even no current
generated when both fields are polarized perpendicular to the
QW.
B. Charge current
Figure 4 shows the calculated charge current burst j(t)
@Eq. ~31!# injected by beams copolarized along a principal
axis and flowing parallel to the one-photon polarization
~there is no current injection perpendicular to the polariza-
tions!. Notice that due to the lateral confinement of the quan-
tum well, it corresponds to a current per length unit ~A/m!.
The exponential decay is directly related to the phenomeno-
logical thermalization of the carrier distribution. As there is
no low-frequency interband coherence ~i.e., between conduc-
tion and valence bands!, the charge current ~thick line! can
be separated into the currents in the conduction bands ~thin
dashed line! and in the valence bands ~thin solid line!. The
main contribution comes from the carrier motion in the con-
duction band because of the higher ~diagonal! intraband mo-
mentum matrix element—i.e., of the higher velocity of the
electrons. The oscillation of the current in the valence bands
is due to the intersubband coherences ~Fig. 5!. As discussed
above, the charge current j can be divided into two parts jpop
and jcoh related to the populations and coherences, respec-
tively. The oscillations appear only in jcoh and correspond to
the intervalence-band frequencies.
It is interesting to note that only jpop contributes to the
time-integrated current that is usually measured. Indeed, for
1.54 eV ~1.60 eV!, * jcohdt represents only 0.54%
(20.13%) of the total charge current and 3.9% (20.76%)
of the current in the valence bands. The negative sign for
1.60 eV means that the time-integrated contribution of jcoh
diminishes the total integrated current.03533The charge current jpop in the valence bands can further be
divided into the current in the different subbands ~Fig. 6!.
Their relative contributions depend on the photon energy be-
cause of the complicated dispersion of the momentum matrix
elements due to the valence-band mixing.
The multiband Bloch equations include also correctly the
saturation effects due to the time-evolving phase space fill-
ing. However, our results indicate that the high-field intensi-
ties (10 GW/cm2 for the two-photon pulse! used in this
study are not sufficient for the saturation to become impor-
tant, and the decoherence time is also too short to allow Rabi
flopping.
C. Comparison with current injection in bulk
The calculated peak intensities of the density of current in
the QW ~25 A/m for 1.54 eV and 79 A/m for 1.60 eV! are
certainly much higher than to be expected in a real measure-
ment. Indeed, it has been shown21 that some effects which
have been neglected like frequency chirp in the pulses or
spatial variation of the phase due to the frequency depen-
dence of the refractive index can strongly reduce the current
injection. Yet it is useful to compare current intensities in
QW’s to bulk values obtained with the same model and in a
similar configuration. The structure of the multiband Bloch
equations ~23! remains the same except that the k vectors
become three dimensional. The electronic energies and di-
pole matrix elements for the bulk are the values correspond-
ing to the ~twice-degenerate! conduction band and to the
four-valence-band Luttinger Hamiltonian used for the band
structure calculation of the well. The density of current ~30!
relates to a volume unit ~the surface S is replaced by the
crystal volume!.
As the band gaps for the QW ~1.491 eV! and bulk ~1.423
eV! are different, we do not compare the injected currents for
equal beam frequencies, but for equal energy differences
with respect to the band gap. Thus we calculate the currentFIG. 7. Power spectrum of the far-field THz
emission for \v152\v251.54 eV calculated
with two different thermalization and decoher-
ence times: t5200 fs ~left! and t5100 fs ~right!.
Solid line: total THz emission P5Ppop1Pcoh due
to the total charge current j5jpop1jcoh . Dashed
line: THz emission Ppop due to the charge current
jpop only. Both figures are plotted on the same
scale.5-8
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emission for \v152\v251.60 eV calculated
with two different thermalization and decoher-
ence times: t5200 fs ~left! and t5100 fs ~right!.
Solid line: total THz emission P5Ppop1Pcoh due
to the total charge current j5jpop1jcoh . Dashed
line: THz emission Ppop due to the charge current
jpop only. Both figures are plotted on the same
scale.generated in a GaAs bulk crystal by two pulses of frequency
1.47 eV and 0.735 eV ~50 meV above the band gap! and
copolarized along a principal axis. The peak intensities used
of 16 MW/cm2 and 10 GW/cm2 for the one- and two-
photon beams, respectively, excite independently a carrier
density of 1.631016 cm23 in the conduction band. The
model gives a maximal injected current of 1900 mA/mm2 in
the bulk which is comparable to the 25 A/m obtained in the
QW for the frequency 1.54 eV ~also 50 meV above the QW
band gap!. The bulk value is therefore comparable to the
current expected by approximatively 77 QW’s per mm, in-
sofar as the wells can be taken as independent. Indeed, these
QW’s would be separated by barriers of only 60 Å. We have
to mention here that for numerical reasons the calculation for
the bulk case has been done with a lower discretization of k
space than for the quantum well, and the convergence has
not been completely achieved.
D. Far-field THz emission
The power spectrum ~35! of the far-field THz emission
from the QW is plotted in Figs. 7 and 8 for photon energy
1.54 eV and 1.60 eV, respectively. The dashed lines show the
power Ppop radiated only by the charge current pulse jpop
whereas the solid lines represent the total THz emission P
5Ppop1Pcoh originating from jpop1jcoh . One can clearly see
the contributions from the field emitted by the current jcoh
due to the intersubband coherences. The additional peaks
around 5 and 10 THz are related to the coherences between
the pairs of valence subbands v1-v2 and v2-v3, respectively.
The polarization between v2 and v3 for 1.54 eV as well as
between v1 and v3 for both energies is too small to be seen
FIG. 9. Inter-valence-band momentum matrix elements
2upxu2/m0.03533on this scale. The positions of these peaks are given by the
intersubband frequencies and are therefore specific to the
quantum well geometry. The radiated power for 1.60 eV is
about 10 times higher than for 1.54 eV but the relative con-
tribution of the inter-valence-band coherences to the total
THz emission is much more important for the smaller injec-
tion energy. This can be explained by the dependence of the
momentum matrix element between v1 and v2 on the wave
vector k ~Fig. 9!. The lasers with frequency 1.54/0.77 eV and
1.60/0.80 eV excite mainly the states of the two highest va-
lence bands with k vector around 0.25 nm21 and 0.4 nm21,
respectively. The v1-v2 momentum matrix element is maxi-
mal in the first case and then decreases with increasing wave
vector. The related polarization is expected to follow the
same trend. On the other hand, the contribution jpop to the
injected charge current is about 3–4 times higher at 1.60 eV
than at 1.54 eV. The related radiation Ppop becomes therefore
dominant at higher laser frequencies. Figure 7 also shows the
effect of a shorter thermalization and decoherence time of
100 fs on the spectrum. The contribution Ppop from the popu-
lations is shifted to higher frequencies because of its faster
decay and the different peaks of Pcoh are no longer well
resolved.
It is important to emphasize that the low-frequency part of
the current jcoh discussed above is also related to the interfer-
ences between the two fields, like the current jpop generated
by the asymmetric population distribution. Indeed, there is
almost no THz emission when only one beam is present.
E. Spin current
As the spin current is also dominated by the carriers in the
degenerate conduction band, we restrict ourself to these two
bands. Furthermore, laser pulses polarized in the TE mode
do not generate any coherence between bands m and n¯ which
do not belong to the same irreducible representation 1E1/2 or
2E1/2 , because the involved momentum matrix elements
Pmn¯ are equal to zero in the plane of the quantum well
~Appendix!. With the band structure model described in Sec.
II B, the spin current in the conduction bands therefore re-
duces to
szb52
1
S (c scc
z (
k
Pcc ,k
b rcc ,k , ~37!
where the left sum has to be taken over the two degenerate
conduction bands with spin s511 and s521 pointing
along the confinement direction z, and sxb5syb5saz50.5-9
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tion bands along the two-photon polarization for
\v152\v251.54 eV ~left! and \v152\v2
51.60 eV ~right!.The spin current has been expressed in the same units as the
charge current and \/2 has therefore been replaced by 2e in
Eq. ~37!.
The pure spin current ~37! injected by cross-polarized la-
ser beams and a phase difference of p/2 is shown in Fig. 10
for the same frequencies and intensities as in the case of the
charge current injection discussed above. The pulses are po-
larized along two principal axes and the spin current flows
parallel to the two-photon polarization without any net
charge flow. However, a small charge current due to the off-
resonant states subsists in the orthogonal in-plane direction
~along the one-photon polarization!. There is no THz emis-
sion polarized along the spin current direction and only a
small radiation polarized perpendicularly to it ~Fig. 11!. The
latter is essentially due to jcoh parallel to the one-photon po-
larization. The charge current and the THz emission are, re-
spectively, about one and two orders of magnitude weaker
than for the preceding configuration with copolarized beams
and no phase difference.
F. ac Stark shift and IVB transitions
The multiband semiconductor Bloch equations ~23! in-
clude all processes described by quasiresonant interaction
terms up to second order in the EM fields, but only the in-
terband transitions contribute directly to the current injec-
tion. The influence of the intersubband transitions on the
charge current generation, however, remains an interesting
issue.
Figure 12 displays the time-integrated charge current
FIG. 11. Power spectrum of the far-field THz emission along the
one-photon polarization in the configuration for spin current injec-
tion ~cross-polarized beams with a phase difference of p/2). Solid
line: \v152\v251.54 eV. Dashed line: \v152\v251.60 eV.035335* j(t)dt versus the photon energies in the cases where the
Stark shift and/or the IVB transitions are neglected or not.
The laser pulses are copolarized along one of the principal
axis with no phase difference and constant peak intensities of
42 MW/cm2 and 10 GW/cm2 for the one- and two-photon
beams, respectively. The ac Stark effect mainly shifts the
current curve to higher energies in accordance with the field-
induced band gap change. This results in weaker injected
current for given optical frequencies, especially close to the
band gap. At higher excitation energy, both computed cur-
rents become comparable because the ac Stark shift de-
creases for electronic states with higher k vector. The contri-
bution of the IVB Raman-like two-photon transitions to the
total charge current is rather weak. Indeed, they mainly affect
the carrier distributions in the valence bands whereas the
charge current is dominated by carriers in the conduction
band.
IV. CONCLUSION
We have developed a model of multiband Bloch equations
including one- and two-photon interband transitions, the ac
Stark shift, and inter-valence-band two-photon transitions. It
has been used to calculate the charge and spin current injec-
tion and the corresponding THz emission in a symmetric
semiconductor quantum well. This allows us to evidence that
intersubband coherences are important for THz radiation
~Figs. 7 and 8!. We also discussed the influence of the Stark
FIG. 12. Time-integrated charge current, function of the photon
energy \v152\v2 with and without the Stark shift and/or the IVB
transitions. The two lower ~upper! curves correspond to calculations
with ~without! the ac Stark shift ~ACSS!. For both of these pairs,
the solid line includes the IVB transitions whereas for the dashed
line they are neglected. Band gap of the quantum well: 1.491 eV.-10
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The decay of the current has been included in the model
by the mean of a phenomenological relaxation time. A mi-
croscopic description of the thermalization of the carrier dis-
tributions would therefore be an important improvement. The
interaction with LO phonons has already been considered by
Kra´l and Sipe.10Intraband Coulomb scattering cannot di-
rectly cause the decay of the current, as it conserves the total
crystal momentum in the band and its interband counterpart
takes place on a longer time scale. Further work in the direc-
tion of including the Coulomb interaction, especially exci-
tonic effects, is in progress.
APPENDIX
Let K and I be the antiunitary time-reversal operator and
the unitary spatial inversion operator, respectively. For a sys-
tem with half-integer spin, K and I have the properties K2
521 and I251.
Let ck be an eigenstate of the Hamiltonian H(k) with
energy Ek and wave vector k. We show now that KIck is not
only an eigenstate of H(k) but also orthogonal to ck . In
other words, the eigenspace of H(k) associated with the en-
ergy Ek and wave vector k is at least of dimension 2. First,
we note that the operator KI is antiunitary with (KI)2
521. Second we compute the scalar product
^ckuKIck&5^~KI !2ckuKIck&52^ckuKIck& , ~A1!
where we have used the antiunitary property of KI . It fol-
lows that
^ckuKIck&50 ~A2!
and the band structure is at least twice degenerate.
Let us now denote the two states with same energy and
wave vector by un ,1k& and un¯ ,1k& where n and n¯ label the
two degenerate bands. The four eigenstates of the Hamil-
tonian with same energy un ,1k&, un¯ ,1k&, un ,2k&, and
un¯ ,2k& for kÞ0 are generally related to each other by
Iun ,1k&51eifun ,2k&, ~A3!
Iun¯ ,1k&51eif¯ un¯ ,2k& , ~A4!
Kun ,1k&51eiuun¯ ,2k&, ~A5!
Kun¯ ,1k&52eiu¯ un ,2k&. ~A6!
One easily shows that
~KI !2un ,1k&52ei(f1u2f¯ 2u¯ )un ,1k&, ~A7!
and with (KI)2521, one gets
ei(f1u)/256ei(f
¯ 1u¯ )/2
. ~A8!
By choosing the phases of the wave functions like
un ,6k&85ei(u7f)/2un ,6k&, ~A9!
un¯ ,6k&85ei(u¯7f¯ )/2un¯ ,6k&, ~A10!035335with
ei(f1u)/251ei(f
¯ 1u¯ )/2
, ~A11!
for even wave functions, and
un ,6k&85ei(u7f7p)/2un ,6k&, ~A12!
un¯ ,6k&85ei(u¯7f¯ 7p)/2un¯ ,6k&, ~A13!
with
ei(f1u)/252ei(f
¯ 1u¯ )/2
, ~A14!
for odd wave functions, one finds, respectively,
Iun ,1k&851un ,2k&8, ~A15!
Iun¯ ,1k&851un¯ ,2k&8, ~A16!
Kun ,1k&851un¯ ,2k&8, ~A17!
Kun¯ ,1k&852un ,2k&8 ~A18!
and
Iun ,1k&852un ,2k&8, ~A19!
Iun¯ ,1k&852un¯ ,2k&8, ~A20!
Kun ,1k&852un¯ ,2k&8, ~A21!
Kun¯ ,1k&851un ,2k&8. ~A22!
The choice of Eqs. ~A11! and ~A14! ensures that
KIun ,1k&85un¯ ,1k&8 in both cases. The symmetry relations
IpI52p and KpK52p finally imply
Pmn ,1k52Pmn ,2k51Pn¯m¯ ,1k52Pn¯m¯ ,2k , ~A23!
Pmn¯ ,1k52Pmn¯ ,2k52Pnm¯ ,1k51Pnm¯ ,2k , ~A24!
for states of same parity, and
Pmn ,1k51Pmn ,2k51Pn¯m¯ ,1k51Pn¯m¯ ,2k , ~A25!
Pmn¯ ,1k51Pmn¯ ,2k52Pnm¯ ,1k52Pnm¯ ,2k , ~A26!
for states of opposite parity.
Note that the noncompulsory choice of different phases
according to parity ensures that the above relations remain
valid for k50. Indeed, Eqs. ~A15! and ~A19! must be seen
as the definition of the band label n in the two-dimensional
subspace associated with 2k, with respect to n in the sub-
space associated with 1k. This is not possible at zero wave
vector as there are no more two distinct subspaces and the
behavior under the inversion operation is dictated by parity.
For a quantum well orientated along a principal axis ~e.g.,
@001#!, the only symmetry which leaves k invariant besides
the identity is the in-plane reflection. The little group of k is
therefore Cs . Group-theory tables22 show that both irreduc-
ible representations ~Irreps! 1E1/2 and 2E1/2 of the double
group Cs are one-dimensional and related to each other by-11
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with the band index n and n¯ belong to 1E1/2 and 2E1/2 ,
respectively. The momentum operators Pi and P’ , parallel
and perpendicular to the quantum well, belong, respectively,
to the irreps A8 and A9. Therefore, the representation prod-
ucts035335A8^ 1E1/25 1E1/2 , A9^ 1E1/25 2E1/2 , ~A27!
A8^ 2E1/25 2E1/2 , A9^ 2E1/25 1E1/2 ~A28!
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